effect involving the group factor was a triple interaction In the current study, we provide a more direct link of size, task, and group [F(1,25) ϭ 4.69, p ϭ 0.04]. As between the abnormal development of the intraparietal shown in Figure 1 , like the controls, TS subjects showed sulcus and dyscalculia by studying 14 TS subjects using a number size effect [F(1,13) ϭ 22.6, p ϭ 0.0004] and a functional and structural imaging. First, we examine the size by task interaction [F(1,13) ϭ 17.5, p ϭ 0.001], but arithmetic performance of subjects with TS and the they were disproportionately slower in the exact condifunctional correlates of calculation impairments using tion with large numbers [RTs: 1070 versus 811 ms, fMRI. We use a previously reported experimental design, F(1,25) ϭ 3.28, p ϭ 0.08]. A similar trend was observed including exact and approximate addition tasks, that in the error rates, with up to 20.5% errors in the exact examines both the impact of number size on parietal large number condition in TS subjects, though none of activation and its modulation depending on the emphathe differences involving error rates reached signifisis that the task places on quantity processing (Dehaene cance. et al., 1999) . In controls, the comparison of these two
Another interesting difference emerged when we numerical tasks, with virtually identical input and output compared the number tasks with the letter-matching requirements, has shown the use of distinct cognitive control task. A task by group interaction indicated that strategies: exact calculation with small numbers is ac-TS subjects responded more slowly than the controls quired in a language-specific format and recruits netin the number tasks relative to the letter task [F(1,21) ϭ works involved in linguistic processes, whereas approxi-7.72, p ϭ 0.010], though no such difference emerged mate and exact calculation with large numbers rely on on error rates (p ϭ 0.13). This suggests that number nonverbal quantity manipulation and recruit bilaterally processing caused greater difficulty for the patients than the intraparietal sulci (Dehaene et al., 1999; Stanescudid the letter task.
Cosson et al., 2000). We demonstrate that this functional
In summary, the behavioral results confirmed that the pattern is disorganized in TS subjects. Second, using patients were impaired in number processing, on both complementary morphometric measures, we investia standardized arithmetic battery and the specific cognigate the anatomical bases of the anomalies found in tive tests that we used during fMRI. The numerical imfMRI and show an unusual pattern of gyrification in the pairment was mild, affecting mostly response times to intraparietal region which is abnormally activated during exact calculation with large numbers, and was significalculation tasks.
cantly greater than on a corresponding letter processing task. Importantly, Turner subjects performed the reResults quested fMRI tasks accurately, some of them at a normal speed, thus providing ideal conditions to compare their Behavioral Results fMRI activation patterns with those of normal subjects. We compared behavioral data from 14 Turner subjects (TS) and 14 normal controls. TS subjects performed sigfMRI Results nificantly worse than controls on Warrington's graded Number Processing in Controls arithmetic test. The mean percentage of correct reWe first report cerebral activation in controls, and comsponses, Ϯ1 standard error, was 41.1% Ϯ 4.5% for TS pare the results to those of a previous fMRI study using and 60.1% Ϯ 4.2% for controls, t(26) ϭ 2.85, p ϭ 0.008. a similar paradigm (Dehaene et al., 1999) . TS subjects were also impaired on a computerized word Overall Activation reading test. Although both groups performed close to Regions activated during all the number processing ceiling in reading either words or pseudo-words (Ͼ92% tasks versus rest replicate the classical fronto-parietal correct), TS subjects were slower in reading both types network found in various studies of number processing of stimuli [words: 841 versus 646 ms, t(26) ϭ 2.57, p ϭ (Table 1, Figure 2 ). All of these areas were also activated 0.016; pseudo-words: 1092 versus 860 ms, t(22) ϭ 2.68, for the letter-matching task. While in our previous study p ϭ 0.013].
the intraparietal sulci were more activated during calcuWe analyzed behavioral performance on the exact and lation than during the letter-matching task, in the present approximate calculation tasks performed during fMRI study the level of activation was similar in both tasks. scanning (Figure 1) . In control subjects, there was no This suggests a tight intermingling within the parietal significant difference between exact and approximate lobe of numerical circuits and of spatial working memory calculation in response times (RTs) or in error rates. circuits needed for the letter tasks (see Grü ber et al. There was, however, a significant main effect of number [1999] for a similar result). size [RTs: F(1,12) ϭ 16.9, p ϭ 0.001; errors: F(1,12) ϭ Number Size Effect 32.5, p Ͻ 0.0001], with larger numbers inducing reAs in our previous study, number size had an impact on brain activation in exact calculation, while no impact sponses that were 231 ms slower and that contained Figure 2 ). In less activated in the TS group than in controls (110 contrast with the previous study, no region showed voxels, Z ϭ 3.10, p ϭ 0.011). No region was significantly greater activation during exact relative to approximate more activated in the TS group. calculation. It is possible that the use of a simpler design Number Size Effect (fixed task compared to rest), which no longer required In contrast to controls, no size effect was observed fast switching between tasks within an fMRI run, reduring exact calculation in TS subjects, resulting in a duced the reliance on some of the brain regions presignificant interaction between group and number size viously reported, including the rostral inferior prefrontal in exact calculation in the right intraparietal sulcus (Table  cortex ( We also investigated possible qualitative differences in the configuration of the right intraparietal sulcus. One major limitation in studies of sulcal configuration lies in the large interindividual variability of the intraparietal sulcal pattern in controls. However, although the surface appearance of the intraparietal sulcus was extremely complex and differed greatly from brain to brain, some simple features of the intraparietal sulcus were remarkably consistent across the controls (Figure 6 ). For instance, the antero-posterior orientation and downward convexity of the intraparietal sulcus, as well as its classical segmentation into three parts, were observed in all controls. In contrast, the right intraparietal sulcal pattern of most TS subjects did not respect these basic features The analysis of brain activation during exact and apThe present data suggest that the right parietal lobe may play an important role in early numerical development, proximate calculation with small numbers also revealed an abnormal pattern of parietal activation even for such although we cannot exclude the possibility that subtle anomalies of the left parietal lobe might additionally be simple operations for which performance was identical in TS subjects and in controls. In controls, there was a observed using more refined imaging methods. Given the high intersubject variability of the intrapariegreater bilateral activation of the intraparietal sulci during approximation than during exact calculation. This tal sulcus and its coarse intersubject registration in Ta . TS subjects, however, a specific analysis of sulcal morphology was performed using novel software for the automatic extraction and failed to show any difference between exact and approximate calculation, thus resulting in a significant group by recognition of sulci (Riviè re et al., 2002). While the graymatter density differences found using voxel-based task interaction. The discrepancy between superficially normal behavior and an abnormal pattern of underlying morphometry were mild and statistically weak, the new analysis showed important quantitative differences in activation suggests that, contrary to controls, TS subjects did not solve small exact arithmetic facts by rote the morphology of the intraparietal sulcus in TS subjects, whose depth and length were reduced. Importantly, the retrieval, but rather used quantity manipulation strategies similar to those used in approximate calculation. left and right central sulci as well as the left intraparietal sulcus appeared normal in this analysis, indicating that In summary, fMRI results revealed that, although partially compensated, arithmetic difficulties in TS affected the anomalies were particularly prominent in the right intraparietal region. In addition, the central sulcus was not only calculations with large numbers but also the most basic knowledge of arithmetic with numbers posteriorly displaced, suggesting an atrophy of the parietal lobes as observed in previous studies. In spite of smaller than five. We tentatively postulate that, during exact calculation with small numbers, the lack of knowlconsiderable variability in the intraparietal sulcal pattern in controls, some basic and consistent features of the edge of arithmetic facts in TS subjects was compensated for by the use of alternative strategies mainly normal intraparietal sulcus, such as its orientation and segmentation in three parts, were not respected in most implicating the left intraparietal sulcus. When the task involved larger numbers, however, recruitment of the of our TS subjects. We observed the presence of many additional branches, often interrupting the main course intraparietal sulci could not be increased further, thus leading to an overt behavioral impairment.
of the intraparietal sulcus. This disorganization did not seem to follow a reproducible pattern but was highly Whether or not this interpretation holds, the fMRI results clearly revealed an abnormal functional activation variable from subject to subject. To explain the stable placement and orientation of the within the horizontal segment of the intraparietal sulcus. This region fits with the putative localization of a quantity primary sulci in normal ontogeny and phylogeny, several authors assume that the basic features of gyrogenesis processing system, based on previous fMRI studies of normal subjects ( , 2000; Good et al., 2001) . We compared the smoothed grayDehaene, S., Spelke, E., Pinel, P., Stanescu, R., and Tsivkin, S. matter images between TS and controls on a voxel-by-voxel basis (1999) . Sources of mathematical thinking: behavioral and brainimaging evidence. Science 284, 970-974. using a one-way ANOVA. We used a voxelwise significance thresh-
